Despite widespread use of ultrasound imaging to guide needle placement, the incidence of transient and permanent nerve damage as a complication of regional anaesthesia has not changed over the last decade. In view of the controversy surrounding intraneural injection there is a need to understand the structural changes caused by subepineural and subperineural needle penetration. Clinical ultrasound machines do not provide adequate anatomical resolution, and anaesthetists have difficulty judging the precise location of the needle tip relative to the epineurium. We studied the suitability of micro-ultrasound imaging (which offers anatomical resolution better than 100 lm) as a tool for viewing neural anatomy and deformation caused by needle insertion. The primary objective was to assess microultrasound imaging as a method to view fascicles within nerves resected from fresh and soft-embalmed cadavers. Secondary objectives were to observe any disruption of the neural anatomy caused by anaesthetic needle penetration, and to assess the integrity of fresh and Thiel method soft-embalmed nerves, after handling and during needle insertion using ultrasound images and histology. We imaged nine nerves from the left and right sides of fresh and softembalmed cadavers. A regional block needle was inserted into three median nerves. We identified fascicles > 0.4 mm in width using micro-ultrasound. Subepineural needle placement was associated with denting, rotation and elastic deformation of fascicles, whereas subperineural needle insertion split fascicles permanently.
Introduction
Ultrasound guidance has improved the efficacy of peripheral blocks for regional anaesthesia, yet the incidence of nerve damage has not decreased over the last decade [1] . Nerve damage has been attributed to subperineural (intrafascicular) injection [2] , but current clinical ultrasound systems have insufficient resolution to view nerves in detail, and anaesthetists have difficulty interpreting the anatomical relationships between the tip of the needle, connective tissue, epineurium and intraneural nerve anatomy [3, 4] . Even so, intraneural injection does not necessarily result in nerve damage [5, 6] . Needle tips are more likely to lie within the stromal tissue, and the local anaesthetic spreads between fascicles [7] . In contrast, recent animal studies have demonstrated nerve inflammation and haematoma after needle-nerve contact [8, 9] , and deterioration in nerve electrophysiological function after nonspecific intraneural injection [10] .
We conducted this study because intraneural injection is a contentious issue in regional anaesthesia. No technology that is available to clinicians is able to differentiate between subepineural and subperineural tissue during needle insertion. Resolution of internal nerve anatomy is poor, because the greater the distance from the transducer at the skin to the nerve target, the more acoustic energy is lost. Transducer operating frequencies between 10 and 15 MHz are needed to view nerves 2-3 cm from the skin, but the higher the frequency, the greater the energy attenuation. Optimal image resolution requires high frequency transducers to be placed as close as possible to the nerve target. Ultrasound transducer frequencies between 20 MHz and 100 MHz are commonly used for pre-clinical imaging [11] , and are able to provide resolution of anatomy between 150 lm and 30 lm, respectively. Micro-ultrasound using a single element transducer has been used to identify the epidural space [12] , identify targets in fresh porcine and softembalmed cadaver brain [13] , and also to view cutaneous nerves in the hand and wrist using a real-time imaging system [14] .
The primary objective of this study was to assess the feasibility of micro-ultrasound imaging as a technique to view fascicles within nerves resected from fresh and soft-embalmed cadavers. Secondary objectives were to observe any displacement or disruption of the neural anatomy caused by anaesthetic needle penetration, and to assess the integrity of fresh and Thiel soft-embalmed nerves after handling and during needle insertion using histology sections and microultrasound imaging.
Methods
Ethical approval for using fresh and Thiel softembalmed cadaveric tissue was obtained from the Thiel Advisory Committee, Centre for Human Anatomy and Identification (CAHID), University of Dundee. An anatomy scientific officer ensured that cadaver care and governance was undertaken according to the Anatomy Act, Scotland (2006) . A senior anatomist dissected fresh median and femoral nerves from a recently deceased cadaver just before embalming (cadaver A), and median, radial and femoral nerves from three soft-embalmed Thiel cadavers (cadavers B, C and D). Specimen age (defined as the time since embalming) varied between 11 month and 28 months, whereas fresh cadaver nerves were less than 48 h postmortem (Table 1) . Nerves were dissected via the axillary and femoral incisions used for embalming in order to minimise tissue disruption.
Dissected nerves were labelled, catalogued, then transported securely to the Institute of Science and Technology, University of Dundee at Ninewells Hospital. Specimens were placed in a Petri dish partly filled with 3% agar, held in position using insect pins and bathed in de-ionised water for imaging (Fig. 1) . Each nerve was imaged by mechanically scanning, moving a micro-ultrasound transducer (AFM Ltd, Birmingham, UK) laterally across the specimen. The radiofrequency data generated by the echoes of the acoustic pulse from the tissue at each transducer position were acquired from the micro-ultrasound scanning system, and converted into 2-D grey-scale B-mode (brightnessmode) images using engineering software (MATLAB, Natick, MA, USA). Scans were repeated in six transverse parallel planes, 0.5 mm apart. The two microultrasound single element transducers used for the imaging study have central operating frequencies of 30 MHz and 45 MHz, and were geometrically focused to 5.6 mm and 4.3 mm, respectively, with lateral resolution of 0.14 mm and 0.11 mm, respectively.
For needle insertion tests, we designed a bespoke block using Solidworks (Waltham MA, USA) that attached to the Petri dish, and held a 22-G regional block needle (B. Braun, Sheffield, UK) at a 45°angle ( Fig. 1) . The needle block was manufactured in polylactide using a 3-D printer (MakerBot, Brooklyn, NY, USA). Needle insertion purposefully targeted subepineural or subperineural tissue. We scanned three median nerves at three distinct times: before needle insertion; with the needle inserted; after needle withdrawal. Ten or more transverse micro-ultrasound image slices, separated by 0.5 mm, were acquired around the insertion site, and radiofrequency data processed in MATLAB data viewed as 2-D and 3-D images in ImageJ (NLM, Washington, DC, USA).
We performed histology on two nerves using a technique modified from standard histological staining to allow myelin lipids to be seen [15] . Formaldehyde was used to fix proteins, and 1% osmium tetroxide was used to fix and stain unsaturated lipids black in order to highlight the position of fascicles [16] . Immersion in osmium tetroxide solution was limited to 2 h for all specimens, such that shorter nerves (~1 cm) had more even osmium staining than longer nerves (~3 cm). The fixed specimens were embedded in paraffin wax, cut into transverse sections of 8-10 lm thickness using a microtome, and stained with haematoxylin and eosin in order to differentiate nuclei and connective tissue.
In compliance with the Anatomy Act Scotland (2006), all specimens were returned to the CAHID for cremation with the donor cadaver.
Two investigators identified fascicles in each ultrasound image and histological section. Nerve width was measured on ultrasound images in mm. No power analysis was performed, as we were exploring the feasibility of micro-ultrasound imaging of peripheral nerves for the first time and had a limited number of specimens.
Results
Fifty-four micro-ultrasound scans were performed on nine nerves. The characteristics of each nerve are given in Table 1 . In all scans, we recognised epineurium as a discrete echogenic boundary, fascicles as round, slightly anechoic areas and subepineural tissue as bright echogenic tissue between fascicles but distinct from epineurium (Fig. 2) . Using micro-ultrasound, all identifiable fascicles were > 0.4 mm in diameter.
Needle insertion was performed on three median nerves, with intrafascicular insertion targeted for the fresh nerve in cadaver A. Subepineural needle insertion into the embalmed median nerve of cadaver B required little manual force. Figure 3 (Upper row) shows fascicle displacement, then return to pre-insertion shape with different orientation of the fascicles following needle removal. A slight increase in the width of the nerve specimen was noticed after the needle was withdrawn, which may be due to the excess pressure applied to the perineurium to insert the needle into the fascicles. A 3-D stack of images of the nerve with needle inserted is shown in a video available online (Videos S1-S3).
Subperineural injection into fresh nerve was difficult. Fascicles had a tendency to displace and rotate, and four attempts were necessary to successfully insert needles through tough perineurium. Subperineural injection was confirmed through tactile feedback from the needle penetrating the perineurium and visual observations during the experiments. Figure 3 (Bottom row) shows a dent in the epineurium and splitting of the fascicle without return to normal shape, retaining the indentation.
There was no difference in the quality of microultrasound images obtained from cadaver A (fresh, recently deceased), and cadaver B, which had been embalmed for 11 months. Nerves embalmed for 28 months and dissected from cadaver D were fragile on handling, and disintegration of the epineurium was visible to the naked eye and on micro-ultrasound images (e.g. Fig. 2d) .
Both fresh and Thiel-embalmed nerve specimens were examined histologically. The distribution and rank size of fascicles were similar to that observed with corresponding micro-ultrasound images. However, more fascicles were recognised using histology, and the additional fascicles corresponded to those < 0.4 mm that were not resolved using micro-ultrasound. Of note, each specimen shrank by approximately one third in size during processing for histology because of the fixing, dehydration and clearing processes [15] . Histology of the fresh median nerve after needle insertion is shown in Fig. 4 (upper row) , and histology of median nerve from cadaver C (which was not subjected to needle insertion) is shown in Fig. 4 (bottom row). The osmium staining is better in the shorter fresh nerve (1-cm long) than the longer cadaveric nerve (3-cm long). This is likely to be due to diffusion of the stain through different lengths of tissue.
Discussion
Our study showed that micro-ultrasound imaging of peripheral nerves is feasible, and enabled us to differentiate for the first time between subepineural and subperineural needle insertion using micro-ultrasound images. We saw rotation and elasticity of fascicles in response to needle tip pressure, and mechanical trauma to fascicles in response to forceful needle insertion. We readily recognised fascicles as round, hypoechoic areas and subepineural tissue as bright echogenic tissue residing between fascicles. Our results showed fascicle rotation secondary to subepineural needle insertion, but we also observed that nerve fascicles are elastic and return to their original position after removal of the needle. Alarmingly, subperineural needle insertion traumatically split a fascicle into two, and segments failed to revert to pre-injection dimensions. We are unable to make any recommendation for practice based on this observation; only three needle insertions were performed, and only one was targeted for subperineural placement. We intend to conduct a follow-up study using a much larger number of cadaver nerves, and to inject fluid such as India ink into and around fascicles to track needle tip position, using the hypothesis that subepineural needle insertion routinely causes fascicle displacement or rotation within the nerve.
Our results indicate that micro-ultrasound supplements the use of histology and electrophysiology in intraneural injection experiments because it provides visible evidence of subepineural and subperineural morphology and trauma.
Both fresh nerves and Thiel soft-embalmed nerves provided a satisfactory model for simulation of intraneural injection, but there were limitations. Availability of fresh nerves was restricted, and experiments were conducted quickly before decomposition. In contrast, Thiel-embalmed nerves felt softer than fresh nerve, and the epineurium of nerves from the cadavers embalmed for 20 months and 28 months tended to disintegrate with manual handling. Nevertheless, the pattern and Figure 3 Micro-ultrasound images of needle insertion into nerve. Upper row shows nerve from cadaver D, with fascicles identified. From left to right, images show nerve before needle insertion; needle denting epineurium and tissue demonstrating elasticity with nerve returning to pre-insertion shape, but with different orientation of fascicles after needle removal. Bottom row shows fresh median nerve with fascicles and agar substrate identified. From left to right, images show nerve before needle insertion; needle denting and penetrating epineurium; splitting of nerve into two without return to pre-injection dimensions. distribution of fascicles > 0.4 mm observed with microultrasound imaging in these long-term embalmed cadavers was maintained when compared with more recently embalmed specimens and fresh nerves. The deterioration observed in the 20-month and 28-monthold embalmed nerves was possibly due to dehydration during storage in air, or ongoing embalming causing continuing protein denaturation after the embalming procedure was complete.
The quality of soft-embalmed nerves at 11 months was similar to fresh nerves using micro-ultrasound imaging and histology. Further research is needed to understand changes in tissue micro-structure over time. In the meantime, we would recommend that future studies be conducted on soft-embalmed nerves < 12 months old, to avoid tissue degeneration but take advantage of the long working time possible with Thiel-embalmed tissues.
Thiel soft-embalmed cadavers provide tissue specimens with realistic anatomy, and yield ultrasound images similar to clinical subjects [17] . They retain the tissue elasticity and joint motion of live tissue or fresh cadaveric specimens, but are aseptic [18] . The University of Dundee has around 150 soft-embalmed cadavers that are used to teach anatomy to medical and dental students, train anaesthetists and surgeons, and to provide a platform for medical technological testing, reducing the need for animal experimentation. To preserve the cadaveric tissues, tissue dissection and intravascular infusion of embalming solution is first performed in the axilla and groin, followed by immersion for six months in the embalming solution. The nerves used in this study were chosen as common target nerves for regional anaesthesia and to minimise tissue disruption in the cadavers.
From these results, we would suggest that needlenerve contact should be avoided in order to prevent any possibility of trauma to the nerves. One vision for advancing clinical practice to avoid intraneural needle insertion is to develop, for clinical use, needle-based guidance devices with which tissue boundaries along the path of the needle can be identified by clinicians. Two possible examples are an ultrasound transducer at the tip of the needle that generates a single image line [12, 13] , or an optical coherence tomography system, which has a 15-lm resolution but is limited to a 1.5-mm imaging depth, providing a 2-D grey-scale image ahead of the needle [19] .
In conclusion, micro-ultrasound imaging identified fascicles > 0.4 mm in width. Subepineural injection was accompanied by rotation and elasticity of fascicles, whereas subperineural needle insertion resulted in traumatic splitting of a fascicle. Tissue quality was similar with fresh and 11-month-old soft-embalmed nerves.
